Acinetobacter calcoacetius is capable of growing on acetate or compounds that are metabolized to acetate. During adaptation to growth on acetate, A. calcoaceticus B4 exhibits an increase in NADP+-isocitrate dehydrogenase and isocitrate lyase activities. In contrast, during adaptation to growth on acetate, Escherichia coli exhibits a decrease in NADP+-isocitrate dehydrogenase activity that is caused by reversible phosphorylation of specific serine residues on this enzyme. Also, in E. coli, isocitrate lyase is believed to be active only in the phosphorylated form. This phosphorylation of isocitrate lyase may regulate entry of isocitrate into the glyoxylate bypass. To understand the relationships between these two isocitrate-metabolizing enzymes and the metabolism of acetate in A. calcoaceticus B4 better, we have purified isocitrate lyase to homogeneity. Physical and kinetic characterization of the enzyme as well as the inhibitor specificity and divalent cation requirement have been examined.
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Not all microorganisms are capable of using acetate as the sole carbon and energy source for growth. To use acetate for growth, a metabolic sequence called the glyoxylate bypass must be present (17) . The glyoxylate bypass circumvents the two carbon dioxide losing steps of the tricarboxylic acid cycle, permitting net incorporation of carbon into cellular structures during growth on acetate (23) . In Escherichia coli, adaptation to growth on acetate leads to a decrease in NADP+-isocitrate dehydrogenase (IDH; EC 1.1.1.42) activity (12) . This loss of activity is caused by the reversible phosphorylation of IDH (12) by a specific bifunctional ATPdependent phosphatase/kinase (19) . Loss of IDH activity forces isocitrate to enter the glyoxylate bypass. While adaptation to growth on acetate leads to a decrease in IDH activity, the enzymes of the ace operon (glyoxylate bypass) are induced (17) . In E. coli, the first enzyme of the glyoxylate bypass, isocitrate lyase (ICL; EC 4.1.3.1), is phosphorylated in the active form (14, 31) . This phosphorylation is also believed to regulate entry of isocitrate into the glyoxylate bypass.
The physiological adaptation of the strict aerobe Acinetobacter calcoaceticus B4 to growth on acetate is quite different from the adaptation response in E. coli. In A. calcoaceticus, there are two distinct forms of NADP+-IDH (28) . These forms differ in molecular weight and in kinetic behavior (28) , and both forms are present during growth on succinate (28) . When acetate is added to a succinate-grown culture, the activities of both form II of IDH and ICL increase dramatically (27, 28) . IDH form II is an allosteric enzyme believed to regulate isocitrate flow between the glyoxylate bypass and the tricarboxylic acid cycle (28) . However, to date, no one has examined the possible role of ICL in the regulation of isocitrate metabolism in Acinetobacter spp. during growth on acetate.
In this communication, we report the purification of Acinetobacter ICL and its physical and kinetic characterization. * Corresponding author.
MATERIALS AND METHODS
Materials. MOPS (morpholinepropanesulfonic acid) free acid, Trizma base, glycine, phenylhydrazine hydrochloride, trisodium DL-isocitrate, magnesium chloride, Bis Tris, Tricine, DEAE A-50 Sephadex, phenyl Sepharose, sodium acetate, sodium formate, 2-mercaptoethanol, benzamidine hydrochloride, dithiothreitol, isoelectric focusing standards, sodium dodecyl sulfate (SDS) electrophoresis and gel filtration molecular weight standards, and all carboxylic acid inhibitors were obtained from Sigma Chemical Co., St. Louis, Mo. Ultrapure ammonium sulfate was obtained from Schwarz/Mann, Cleveland, Ohio. R-100 minimal salts medium was obtained from GIBCO, Grand Island, N.Y. Isoelectric focusing ampholytes were obtained from Serva, Westbury, N.Y. Aspergillus niger catalase was obtained from Calbiochem-Behring, San Diego, Calif. Divalent cation chlorides were obtained from J. T. Baker Chemical Co., Phillipsburg, N.J. Deionized, distilled water was used to prepare all solutions.
Bacterial strain and growth conditions. A. calcoaceticus B4 was a gift from P. D. J. Weitzman, Cardiff Institute of Higher Education, Cardiff, Wales. Bacterial cells were grown in R-100 minimal salts medium supplemented with 0.5% sodium acetate at 32°C in a gyratory shaker at 250 rpm for 15 h. Cells were harvested by centrifugation and stored at -200C.
Enzyme assay and protein determination. ICL activity was determined in 50 mM MOPS, pH 7.5, containing 5 mM MgCl2, 4 mM phenylhydrazine hydrochloride, and 2 mM trisodium DL-isocitrate. Reaction progress was monitored by following production of glyoxylate-phenylhydrazone at 324 nm. One unit of activity is defined as the formation of 1 j±mol of product per min at 25°C. This assay was used for all inhibitor studies except glyoxylate inhibition. To study glyoxylate inhibition, ICL was assayed by using the procedure of Ko and McFadden (16) . Protein content was determined by the dye binding method of Bradford (5 27 ,000 x g for 30 min at 0 to 4°C. Phenylmethylsulfonyl fluoride, 1 mM, caused 90% inhibition of ICL activity in the sonic extract. Consequently, it was not used as a protease inhibitor during sonication.
Ultrapure ammonium sulfate was added to the clarified extract to a final concentration of 1.0 M. This extract was applied to a phenyl Sepharose column (2.5 by 15 cm) equilibrated with sonication buffer containing 1.0 M ammonium sulfate. After sample application, the column was washed with 300 ml of sonication buffer containing 1.0 M ammonium sulfate, and ICL activity was eluted from the column by using a 1.0 to 0 M ammonium sulfate gradient in sonication buffer (400-ml volume). Fractions containing ICL activity were pooled and dialyzed against 1 liter of 3MGB buffer (50 mM MOPS, pH 7.5, containing 10lo glycerol, 10 mM MgCl2, 1 mM benzamidine, and 2 mM 2-mercaptoethanol). Buffer was changed three times over a 24-h period.
The dialyzed extract was applied to a DEAE A-50 Sephadex column (2.5 by 18 cm) equilibrated in 3MGB buffer. After sample application, the column was washed with 300 ml of buffer, and ICL was eluted by using a 0 to 1.0 M sodium chloride gradient in 3MGB buffer (400-ml volume). Fractions containing ICL activity were dialyzed against 1 liter of 3MGB buffer. Buffer was changed once. The dialyzed extract was concentrated with a Centriprep centrifugal concentrator (Amicon, Danvers, Mass.).
The concentrated sample was passed through a PD-10 desalting column (Pharmacia LKB, Uppsala, Sweden) equilibrated in high-pressure liquid chromatography (HPLC) buffer A (100 mM Tris hydrochloride, pH 7.5, plus 2 mM 2-mercaptoethanol). The sample was applied to a DuPont Zorbax strong anion-exchange column (0.6 by 8.0 cm) equilibrated in buffer A. ICL activity was eluted by using a 0 to 2.0 M sodium formate gradient in buffer A (60-ml volume). ICL-containing fractions were passed through a PD-10 desalting column equilibrated in 3MGB buffer. Purified ICL was stored at 4°C.
Determination of Michaelis constant and inhibition constants. The Michaelis constant, Kin was determined by using a Lineweaver-Burk double-reciprocal plot (20 Electrophoresis. SDS-polyacrylamide gel electrophoresis was performed in 10% gels at 150 V by the method of Laemmli (18), using a Bio-Rad mini-Protean II apparatus. Isoelectric focusing was performed by the method of Robertson et al. (29) , with the exception that focusing was performed at 200 V for 1.5 h and at 400 V for 1.5 h.
Production of polyclonal antibodies to ICL. Antibodies were produced in New Zealand White rabbits, using Freund complete and incomplete adjuvants and purified ICL. Antibodies were determined to be specific for ICL by using Western transfers of SDS-polyacrylamide gels as described previously (30) .
RESULTS
Purification of ICL. The purification scheme for ICL from A. calcoaceticus B4 is shown in Table 1 . The enzyme was purified 73-fold with 7% recovery after the last step. ICL was stable for at least 2 weeks at 4°C when stored in the presence of 10% glycerol. In the absence of glycerol, activity was rapidly lost within 2 to 3 days. The presence of a reducing agent, such as 2-mercaptoethanol, during purification and storage was also required for activity. SDS-polyacrylamide gel electrophoresis of the enzyme after the SAX HPLC column indicates that the preparation is homogeneous for ICL (Fig. 1) .
Molecular weights and isoelectric point. The subunit molecular weight of ICL was estimated to be 64,000 by SDSpolyacrylamide gel electrophoresis (Fig. 1) . Native molecular weight was determined to be 250,000 by gel filtration chromatography with Sepharose 6B. These results suggest that the native form of Acinetobacter ICL is a tetramer of identical subunits. The isoelectric point, pl, was determined to be 4.6. The optimum pH for assay of ICL activity was determined to be 7.5. Three different buffers were used to assay ICL activity in the pH range 6.0 to 8.8 Fig.  2A and B) . Succinate was found to be an noncompetitive inhibitor of ICL, with a K, of 300 ,uM ( Fig. 2A) . The second product, glyoxylate, was a competitive inhibitor of ICL with a K, of 225 ,uM (Fig. 2B) . These results suggest that the kinetic mechanism of Acinetobacter ICL is ordered uni-bi (8) (9) (10) . In this mechanism, isocitrate binds to ICL and then succinate is released, followed by glyoxylate (Fig. 3) (Table 3 ). In the absence of any metal cation, no ICL reaction was observed. Magnesium permitted the highest reaction rate and was arbitrarily given 100To activity. Manganese(II), cobalt(II), and iron(II) supported the ICL reaction, although at dramatically lower rates. Other alkaliearth metal cations, calcium, barium, and strontium, did not support the ICL reaction. However, when these alkali-earth cations were present in the ICL assay mixture in an equimolar concentration with magnesium, they did inhibit ICL (Table 4 ). Inhibition appears to be dependent on size of the competing cation. More inhibition is seen with calcium, the smallest, and less is seen with barium and strontium, the largest of the competing cations.
N-Terminal amino acid sequence. The sequence of the first 15 amino acids at the N terminus was found to be the following: N-Met-Thr-Tyr-Gln-Thr-Ala-Ile-Asp-Ala-Val-ArgGlu-Leu-Lys-Ala.
Immunochemical relationship to E. coli ICL. Antibody produced against Acinetobacter ICL did not exhibit crossreactivity with E. coli ICL on Western transfers, nor did antibody produced against E. coli ICL cross-react with Acinetobacter ICL on Western transfers (data not shown).
DISCUSSION
The enzyme ICL and the glyoxylate bypass are required by microorganisms for growth on the two-carbon compound acetate. In addition, many xenobiotic compounds are metabolized, at least partially, to acetate, thus requiring the presence of ICL. The glyoxylate bypass circumvents the two carbon dioxide losing steps of the tricarboxylic acid cycle, allowing net gain of carbon into cellular structures. Even though ICL has been purified from several bacteria (7, 22, 32, 35, 37) , it is not a well-studied enzyme. ICL from A. calcoaceticus B4 has been purified to homogeneity. The specific activity of the purified enzyme is similar to that from E. coli (32) and a thermophilic Bacillus sp. (7) . The Km of purified ICL for isocitrate was 40 ,uM. This is similar to the isocitrate Km for E. coli ICL (40), Pseudomonas indigofera (33) , and a thermophilic Bacillus sp. (7) . The subunit molecular weight (64,000) and the native molecular weight (250,000) of Acinetobacter ICL are more similar to corresponding molecular weights of ICLs from eukaryotic sources (13, 39) . Eukaryotic ICL molecular weights generally tend to be higher than the corresponding prokaryotic molecular weights (13) . The pl of the Acinetobacter enzyme is 4.6 and is similar to that of both E. coli (32, 40) and Bacillus sp. (7) .
Inhibition of ICL by the reaction products succinate and glyoxylate was studied. Succinate was a noncompetitive inhibitor, K, = 300 ,uM, and glyoxylate was a competitive inhibitor, K, = 225 p.M. This product inhibition pattern suggests an ordered uni-bi kinetic mechanism similar to that of the E. coli enzyme (16) the compound became a better inhibitor (53 versus 84% at a 10 mM concentration). The same effect was seen with the E. coli ICL (15) . The other compounds examined, malonate, glycolate, and tartrate, gave 33 to 50% inhibition at a 10 mM concentration. The metal cation requirement for Acinetobacter ICL was quite different from that of the E. coli enzyme (15) . While magnesium supports maximal activity in both organisms, several other cations exhibit differential behavior. In E. coli, manganese(II) supports the ICL reaction at 54% of the magnesium rate, while cobalt(II), nickel(II), and strontium support the reaction at much lower rates (17, 7 , and 3%, respectively) (15) . In A. calcoaceticus, both manganese(II) (14%) and cobalt(II) (12%) support a much lower reaction rate than magnesium. In addition, iron(II) supports the Acinetobacter ICL reaction at an even lower rate (7%). The only other reports of iron(II) supporting an ICL reaction are from the eukaryotic organisms Saccharomyces cerevisiae (24) and Ricinus communis (6) . The results with manganese(II) and cobalt(II) agree with previous results from a wide variety of organisms (39) . Alkali-earth metal cations, other than magnesium, will not support the ICL reaction in A. calcoaceticus. However, they apparently bind to ICL in a nonproductive manner and are able to inhibit ICL in the presence of magnesium. The E. coli enzyme is inhibited by calcium ion (15) , while the P. indigofera enzyme is only slightly affected (36) . Surprisingly, ICL from the eukaryote Pinus pinea is significantly inhibited only by beryllium ion (25) . The other alkali-earth metal cations inhibit only to a slight degree.
The N-terminal sequence of the Acinetobacter ICL has been determined for the first 15 amino acid residues. This sequence does not correspond to the sequence from the five sequenced eukaryotic ICLs (1, 3, 11, 26, 38) except for the 7th residue (isoleucine) in Candida tropicalis (1) and the 12th residue (glutamate) in Glycine max (26) .
The only totally sequenced bacterial ICL is from E. coli (21) . In the first 15 amino acid residues, only the first (methionine) and the fifth (threonine) residues correspond. This lack of correspondence in the first 15 amino acid residues does not preclude its occurrence at other locations in the sequence. Antibody produced against Acinetobacter ICL does not cross-react with E. coli ICL. Also, antibody against the E. coli enzyme does not cross-react with the Acinetobacter enzyme. This lack of immunochemical crossreactivity suggests that both enzymes have unique and distinct structures.
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